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[57] | ABSTRACT

The electrical conductivity of a lamella of conducting
material (e.g., semiconductor wafers or metal films) is
measured by introducing the lamella into the oscilla-
tory magnetic field of the inductive element of the L-C
tank circuit. The tank circuit is the frequency ‘deter-
mining portion of an oscillator which is adjusted, upon
sample introduction, to restore the magnitude of oscil-
lation. With suitable choice of circuit parameters, the
incremental current in the tank circuit is linearly pro-
portional to the sheet conductivity of the lamella. An
exemplary apparatus operating at approximately 10
MHz with a 1 cm* measurement area exhibited approx-
1mately 1% linearity over a 100 to | range of conductiv-
ity with a resolution of approxumately one part in [0*
with a limiting sensnmty of 10" carriers per square cm.

5 Claims, 5 Drawing Figures
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METHOD FOR THE NONCONTACTING
MEASUREMENT OF THE ELECTRICAL
CONDUCTIVITY OF A LAMELLA

- BACKGROUND OF THE INVENTION

1. Field of the Inventlon -

The invention is in the field of electronic solid state
device processing, more particularly, semiconductor
wafer or metal thin film conductivity measurement.

2. Brieft Description of the Prior Art

The ability to rapidly and accurately measure the
electric conductivity of thin flat samples (lamellae) is
of critical importance in many aspects of solid state
device processing. Such measurements are essential
- parts of the classification of semiconductor substrate
materials prior to processing, to the monitoring of dop-
ant diffusions and the monitoring of metal thin film
depositions. The most widely used measurement tech-
nique Is the four point probe method. However this
method has several limitations, for example, it is diffi-

cult to interpret the results of such a measurement

made on high resistivity semiconductor samples. In

addition the probe causes localized surface damage at.

the point of contact. Such surface damage becomes
more and more detrimental as the element size of mi-
crominiature circuits becomes smaller.

- Various noncontacting techniques for the measure-
- ment of electrical conductivity have been developed in
an effort to avoid the limitations of the four point probe
technique. These methods generally involve the inter-
action of the sample being measured with high fre-
quency ‘excitations. Exemplary techniques of this class
include: - microwave transmission measurements
- through a semiconductor slab placed in a waveguide
(H. Jacobs et al. Proceedings of the IRE, 49 (1961)
028); ‘reflection of an RF signal from a coaxial line
terminated by the sample (C. A. Bryant et al. Reviews
- of Scientific Instruments, 26 (1965)1614); and capaci-
tive coupling and inductive coupling to a resonant cir-
“cuit {N. Nuyamoto et al. Reviews of Scientific Instru-
ments, 38 (1967) 360; J. C. Brice et al. Journal of
Scientific- Instruments, 38 (1961) 307). Such methods
typically produce nonlinear output signals which re-
quire calibration over the range of use and comparison
of the measurement signals to the calibration curve. In
addition, such measurements have typically made use
of some relatively. ill defined measurement volume
-(e.g., approximately hemispherical), which may be
~quite satisfactory for the measurement of uniformly
conductive samples, however, increase the complexity
.-of analysis of measurement results for nonuniform sam-

iples (e g .y diffused layers in semiconductors).

SUMMARY OF THE INVENTION

A noncontactmg technique has been developed for
the measurement of the electrical conductivity of thin
flat samples ' (lamellae) such as semiconductor wafers
or metal .thin films. This technique produces a highly
linear output signal and measures the conducting carri-
ers - uniformly through the thickness of the material.
This high degree of linearity together with the ability to
control the level of the output signal can be used to
produce the direct reading of conductivity on, for ex-
ample, a digital voltmeter. This capability makes the
inventive technique particularly attractive for produc-—
tion line momtormg of diffusions and deposmons In
substrates in electronic device processing.
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In the inventive technique the sample is introduced
into the magnetic field of the inductive element of a
resonant circuit and the drive current of the resonator

" is adjusted to restore the amplitude of oscillation to the

value it had prior to introduction of the sample. If the
frequency of oscillation is selected to make skin effect
negligible and if the resonator is the frequency deter-
mining element of the oscillation circuit, then the in-
cremental current is linearly related to the sheet con-
ductivity of the sample. In exemplary apparatus con-
structed to illustrate this measurement technique, feed-
back is used to automatically restore the oscillation
amplitude. This exemplary apparatus was linear within
approximately 1% over a 100 to 1 range of conductivity
with a resolution of approximately one part in 104. The
limiting sensitivity of the instrument was ~10" carriers
per square centimeter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the basic
elements of a device for the practice of the claimed
method;

FIG. 2 1s a circuit diagram of an exemplary network
developed for the practice of the claimed process;

FIG. 3 1s an elevational view m section of an exem-
plary inductor with sample;

FIG. 4 1s an exploded perspective view of the me-
chanical parts of an exemplary apparatus developed for
the practice of a claimed process; and

FIG. 5 1s a curve of sheet conductivity (ordinate) vs
output signal (abscissa) illustrating the linearity of the
inventive method. | |

DETAILED DESCRIPTION OF THE INVENTION

The measurement of the electrical conductivity (or
resistivity ) of broad thin solid bodies 1s of major impor-

~ tance in many facets of solid state device processing.
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For example 1t is usually necessary to classify semicon-
ductor substrates prior to processing 1o make sure that
the conductivity of the substrates is either less than a
specified low value or within some narrow conductivity
range. During processing 1t 1s usnally necessary to mon-
itor diffusion steps to determine when the conductivity
of the diffused wafers has increased or decreased to
some conductivity with a narrow range, which is re-
lated to the desired dopant concentration and diffusion
depth. Many diffusions are caused to take place
through apertured masking layers. In such cases a
blank wafer can be included for monitoring purposes.
Most solid state device processes includes the deposi-
tion of metal layers for the production of electrical
contact between devices in an integrated circuit or
between the circult and external circuitry. In such cases
the layer must be thicker than some minimum thick-
ness, in order to provide sufficient conductivity, but not
unnecessarily thick, so as to be wasteful of precious
metals such as gold and platinum. Thus, the monitoring
of metal layer thickness becomes an important manu-
facturing process step.

The most widely used method for making the re-
quired conductivity measurements is the four point

probe technique. However, for low conductivity semi-
conductor materials with large band gaps these meth-

ods are exceedingly difficult because the contacts be-
tween the wafer being measured and the contacting
elements of the four point probe tend to be rectifying.
Also, some diffusions take place through glassy layers
making it difficult to contact the underlying semicon-
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ductor. The four point probe, since it directly contacts
the matenal, produces localized damage. The damaged
area can be made unsuitable for use, particularly for
devices with small element size. The above consider-
ations make the development of a noncomdctmg 5
method particularly desirable.

The herein disclosed noncontacting method for the
electrical conductivity measurement of conducting

lamellae produces a highly linear output. This makes

‘possible, for example, single point calibration and, with 10
the availability of signal level adjustment, the direct
reading of conductivity on a digital voltmeter. The
measurement method can be understood with refer-
ence to FIG. 1 which shows a conductive lamella 11
magnetically coupled by means of a ferrite core 12 to
an L-C resonant tank circuit 13. This parallel resonant
circuit 13 is driven by an RF current generator 14.
Operation of the measurement method depends upon
the fact that eddy current absorption in the conducting
lamella 11 produces an increase in the loss of the reso-
nant circuit 13. It has been determined that, if the
resonant circuit 13 determines the frequency of oscilla-
tion so that the frequency shifts with the loading of the
circuit 13 and the frequency of oscillation is selected
such that skin effect in the lamella is negligible and the
current generator 14 1s adjusted to restore the ampli-
tude of oscillation after sample insertion, then the in-
cremental current flowing from the current generator
14 into the resonant circuit 13 is linearly related to the 30
- product of the bulk conductivity of the conducting

material multiplied by the thickness of the material.

This product is sometimes referred to as the sheet con-

ductivity of the sample and is related to the product of

the number of carriers in the measured volume and the
carrier mobility. In the frequency regime of negligible

skin effect, the product of conductivity times thickness

generalizes to the integral of the conductivity through

the thickness so that data for nonuniform samples can

be easily analyzed. The basic relationship which gov- 4¢

erns the measurement process is -
I = K(EIn®) ot (Eq. 1)

15

20

25

In this equation /, assuming no circuit losses except
those 1n the lamella, is the oscillating frequency current 45
tflowing into the resonator, K, is a constant involving
the magnetic coupling between the inductor core and
the lamella, £, 1s the oscillating frequency voltage
‘across the resonator, n, 1s the number of turns in the
inductor, o, is the electrical conductivity of the lamella 50
material and, ¢ 1s the thickness of the lamella. If other
circuit losses are considered the resonator losses can be
represented as a parallel loss resistance R,. This paral-

lel loss resistance consists of two parts, namely, the
tank circuit loss itself, R; and the reflected loss due to 55
eddy currents in the lamella, Rg. These combine as

4 (Eq. 2)

_ b L
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However the current generator 14 is adjusted after
insertion of the sample to maintain the level of oscilla-
tion (1.e., the voltage across the resonant circuit 13) at

a constant value. Thus,
65

IR, = const. (Eq. 3)

or
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las—. ' (Eq. 4)

With no semiconductor loading the value of I has its

minimum value, I,, which corresponds to R, = Ry.
Consequently equations 2 and 4 yield

(I~ 1) to = L

Ry - (Eq.>)

However 1/R; is proportional to the sheet conductivity

of the sample thus

(I-1,) & oT B (Eq. 6)

Thas 1s the result used to determine the sample conduc-
tivity, o. In apparatus used in this method a “zero”
control can be included to balance out I, in the absence
of any sample so that only the incremental current
appears as an output. In addition a simple electronic
technique is available to remove the dependence on

sample thickness, ¢, by dividing by the thickness.
EXEMPLARY MEASUREMENT APPARATUS

FIG. 2 shows the circuit diagram of an exemplary
circuit developed and constructed for the practice of
the inventive method. Unless otherwise specified the
resistors and Y4 watt and =+ 5%. The diodes are 1N4154,
the NPN transistors are 2N3904, the PNP transistors
are 2N39006, the FET’s are 2N4393 and the differential
amplifiers are high gain (~ 10° at DC, unity at 1 MHz)
units suitable for use as operational amplifiers (Type
741). Box I outlined by dashed line 21 includes the
resonant tank circuit 22 and the several transistors
which form the RF current generator. These elements
are arranged to form an amplitude controllable mar-
ginal oscillator whose frequency of oscillation is deter-
mined by the tank circuit 22. For conductivity mea-
surement, the sample to be measured is magnetically
coupled to the inductor 23. A description of the opera-
tion of this type of oscillator can be found in Journal of
Scientific Instruments, 36 (1959) 481. A feature of the
oscillator design of FIG. 2 is that the average DC cur-
rent flowing to ground on the grounded side of the tank
circuit 22 is an accurate measure of the magnitude of
the oscillation frequency drive current.

The magnitude of the oscillation of the tank circuit
22 1s automatically adjusted by feedback through the
stabihzation circuitry of Box II outlined by dashed line
24. The level of oscillation at the collector of transistor
37 1s sensed by the temperature compensated peak
rectifier formed by transistors 38 and 39, resulting in a
corresponding negative voltage at the emitter of 39.
The error amplifier 402 then senses the difference
between the resulting current flowing in resistor 40 and
the reference current flowing in resistor 401. The stabi-
lization reference is an 8 volt zener diode 26. The tank
circuit oscillation amplitude is thereby sensed through
lead 27 and the feedback control is supplied by lead 28.
The average DC tank circuit current is measured at
lead 29 by the action of amplifier 30. The output cir-
cuitry includes a gain control pot 31, a range switch 32
and an overrange indicator lamp 33, which lights to
indicate the presence of a sample whose conductivity is
above the two decade range of the instrument. Ampli-
fier 34 and a precision ten turn potentiometer 35 are
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arranged so as to accomplish the division of the thick-
ness of the material prior to extraction of the conduc-
tivity signal in the output port 36. The gain is adjusted
so that potentiometer 35 reads directly in convenient
units of sample thichness. The components labeled
with an asterisk have values that are selected depend-
ing upon the particular choice of input tank circuit,
L,C,. The values indicated are those for an instrument
reading out at one volt per mho-cm™!, oscillating at
approximately 10MHz, employing a gap of 0.025
inches between the two halves of the inductor 23, and

measuring sample conductivities in the range ~.05 to

~10 mho-cm™,

The design of the inductor is illustrated in FIG. 3. In
order to produce tight-coupling between the RF mag-
netic field and the sample to be measured, the inductor
core design was chosen to be a split high Q ferrite cup
core 41 with two turns in each half, resulting in a total
inductance of approximately 1uh. The cores employed
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are characterized by a permeability of ~100 and a Q of 20

~ 100 at the 10MHz oscillation frequency. The number
of turns 42 can be changed to 20 or 200 etc. to achieve

corresponding 10® and 10 range scaling as indicated by

the 1/n* dependence of Equation 1. If C, remains un-

changed the attendant reduction of oscillation fre-

quency helps to satisfy the skin effect criterion for the

measurement of higher conductivity samples 43.

The inductor design also includes seamless aluminum
cups 44 which reduce the fringing field and maintain
the measurement area precisely and exclusively as the
region between the opposing faces of the two core
haives. Capacitive coupling to the sample 43 is mini-
mized by the inclusion of an electrostatic shield 45 over
the faces of the cores 41. The shield used was an elec-
trically conductive paper (available from Western
Union Corp. as TELEDELTOS paper). The mechani-
cal design of the sample measuring head of the con-
structed 1nstrument 1s illustrated in exploded view, In
FI1G. 4. The cup cores 41, the windings 42 and alumi-
num cups 44 are mounted in polymethylmethacrylate
hoiders 46. The holders 46 are bolted onto the base
such that shims 47 can be inserted to adjust the gap
between the cores to accommodate various sample 43
thicknesses. The leads 48 from the inductor are
shielded and lead downward into case 49 containing
the electronic circuitry and connected to the tank cir-
cuit capacitor $0. Similar instruments for the measure-
ment of higher conductivity semiconductor wafers
(i.e., in the 5 mho-cm~* to 10® mho-cm™! range) can be
constricted with 20 turns on each side of the cup core.
The operating frequency of such instruments 1s approx-
imately 10%Hz. For the measurement of metal films up
to 5 micrometers thick, cup cores with 10% turns on
each side, together with a 0.01u f capacitor, produces
an instrument oscillating at approximately 10*Hz. Re-
sistor 25 should be selected to give an overall zero
reading near tﬂe center of the zerelng petentlemeter

403,
The linearity of the measurement methed as embod-

ied in the above described Instrument and the suitabil-

ity of the method for the measurement of multilayer
samples was shown by the following experiment: four
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slices of semiconductor were measured separately and
then superimposed m various combinations. The re-
sults of these measurements are illustrated in FIG. 5.
Measurements such as these have demonstrated that
the mstrument response is linear over the entire range
to approximately 1%. The various level adjustments
were used to produce a signal which read directly in
mho-cm™' on a digital voltmeter. The unit was cali-
brated at one point by a sample of conductivity near
the high end of the cenductwlty range. The limiting
performance of the instrument was set by slow. long

term drifts of the order of a few millivolts per hour

corresponding to a few parts in 10* of the system full
scale output of.approximately 10 volts. The readings
were stable and reproducible to this accuracy. Subse-
quent analysis of the circuit indicated that it may be
possible to reduce these drifts by operating at higher

“oscillator drive levels and eliminating the amplification

at the output of the tank circuit 22 (amplifier 30).

Although the above described circuit employed a

parallel resonant circuit driven by a high impedance
source, equivalent realizations employing a series reso-
nant tank circuit are possible.

What is claimed is:

1. Method for the measurement of the electrlcal

conductivity of a lamella comprising

a. exciting a resonant circuit at a measurement fre-

quency with a source of electrical energy, which

resonant circuit includes a capacitor and an induc-
tor,

b. introducing the lamella Into the magnetic field of

- the mnductor and

c. deriving an output signal related to the electrical

conductivity of the lamella

charactenized in that

1. the resonant circuit is the principal determment of

the measurement frequency,

2. the lamella is introduced into the magnetic field
of the inductor such that the magnetic field is
essentially uniform through the thickness of the
lamella,

- 3. the output signal 1s derived by adjusting the
source of electrical energy to restore the mea-
surement frequency voltage across the inductor
to its value prior to introduction of the lamella,
and measuring the incremental measurement
frequency current through the inductor.

2. A method of claim 1 in which the measurement of

the incremental measurement frequency current in-

cludes electronically dividing by the thickness of the

lamella.

3. A method of claim 1 adapted for measurement of
semiconductor wafers in the conductivity range 0.05
mho-cm™' to 10 mho-cm™! wherein the measurement
frequency is approximately 107 Hertz.

4. A method of claim 1 adapted for measurement of
semiconductor wafers in the conductivity range 5 mho-
cm™ to 10° mho-cm™' where the measurement fre-
quency 1s approximately 10° Hertz.

5. A method of claim 1 adapted for the measurement
of metal films up to 5 micrometers thick wherein the

measurement frequency is approximately 104 Hertz.
* * £ S = X
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